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ABSTRACT
We consider the effect of planetary spin on the planetary radial velocity (PRV) in dayside spectra of
exoplanets. To understand the spin effect qualitatively, we derive an analytic formula of the intensity-
weighted radial velocity from planetary surface on the following assumptions: 1) constant and solid
rotation without precession, 2) stable and uniform distribution of molecules/atoms , 3) emission
models from dayside hemisphere, and 4) a circular orbit. On these assumptions, we find that the
curve of the PRV is distorted by the planetary spin and this anomaly is characterized by spin radial
velocity at equator and a projected angle on a celestial plane between the spin axis and the axis of
orbital motion λp in a manner analogous to the Rossiter-McLaughlin effect. The latter can constrain
the planetary obliquity. Creating mock PRV data with 3 km/s accuracy, we demonstrate how λp and
the spin radial velocity at equator are estimated. We find that the stringent constraint of eccentricity
is crucial to detect the spin effect. Though our formula is still qualitative, we conclude that the PRV
in the dayside spectra will be a powerful means for constraining the planetary spin.
Subject headings: planets and satellites: fundamental parameters – techniques: radial velocities –
techniques: spectroscopic
1. INTRODUCTION
Planetary spin is one of crucial factors that gov-
ern the climate of exoplanets (e.g. Williams & Kasting
1997; Williams & Pollard 2003; Heller et al. 2011;
Cowan et al. 2012) and has a potential to constrain plan-
etary formation theory (e.g. Agnor et al. 1999; Chambers
2001; Kokubo & Ida 2007). Photometric variation of
a planet will enable us to estimate the rotation period
(Palle´ et al. 2008) and the obliquity (Kawahara & Fujii
2010, 2011; Fujii & Kawahara 2012) in the near future.
However these methods are applicable only for a planet
having significant inhomogeneous surface, such as coex-
istence of ocean and lands or clouds, and also require a
long-term observation with a sophisticated instrument of
direct imaging.
Recently planetary radial velocity (PRV) of the non-
transiting planet, τ Boo¨tis b has been measured with
the aid of the carbon monoxide absorption in the thermal
dayside spectrum (Brogi et al. 2012; Rodler et al. 2012).
Brogi et al. (2012) detected the change in the radial com-
ponent of the planet’s orbital motion and obtained the
semiamplitude of the PRV, Kp = 110.0 ± 3.2 km/s.
Combining the stellar radial velocimetry with it, they
evaluated the orbital inclination and mass of τ Boo¨tis
b. Though the PRV curve is primarily dictated by the
planet’s orbital motion, the planetary spin also has pos-
sible effect on the PRV in the dayside spectrum. Gas
giants in the solar system have considerable spin velocity
at equator, 12 km/s for Jupiter and 10 km/s for Saturn.
Even for most hot Jupiters which are likely to be in a
synchronous orbit, are expected to have non negligible
spin velocity driven by their rapid orbital motion. For
instance, WASP 19b will have ∼ 9 km/s of the spin ve-
locity at equator if it is tidally locked. The aim of the
paper is to develop the method to derive the planetary
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spin-orbit alignment and the spin velocity from time se-
ries analysis of the PRV. This concept can be explained
by an analogy to the Rossiter-McLaughlin effect (RM
effect Queloz et al. 2000; Ohta et al. 2005; Winn et al.
2005; Gaudi & Winn 2007, and references therein). The
RM effect is an anomaly of Stellar radial velocity (SRV)
caused by sequent occultation of a rotating stellar disk
by a transiting planet, and is used to measure the pro-
jected angle of the orbital axis and the stellar spin axis
(Ohta et al. 2005). Likewise, non-uniform emission from
a planet, which is generally stronger near the sub-stellar
direction, induces an anomaly in a time series of the PRV.
In this paper, we demonstrate how the planetary spin af-
fects the PRV assuming a simple solid rotation of a planet
and derive an analytic formula of the PRV anomaly with
simple intensity distribution models.
2. METHODS
We divide the PRV into the radial velocity components
of the planetary center system vr,orb(Θ) and the plane-
tary spin vr,rot(Θ),
vr(Θ)= vr,orb(Θ) + vr,rot(Θ). (1)
On the assumption of a circular orbit for simplicity, the
PRV by the orbital motion is expressed as
vr,orb(Θ)=Kp cosΘ, (2)
where Kp is semiamplitude of the radial velocity by the
orbital motion and Θ is the orbital phase. We define
the phase angle between the line of sight and star-planet
direction α,
cosα=eS · eO = sin i sinΘ
( pi/2− i ≤ α ≤ pi/2 + i ), (3)
where eS = (cosα, sinα, 0)
T and eO = (1, 0, 0)
T are unit
vectors from the planetary center to the star and the
observer and i is the orbital inclination (Figure 1 A).
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Figure 1. Geometric configuration. Panel A: the spherical coordinates on a planet. The stellar direction is embedded in the x-y plane.
The unit vectors eO, eS, and, eR are explained in the text. Panel B and C presents schematic pictures from observer’s point of view
(y-z plane). In panel B, the blue shifted emission dominates on the dayside hemisphere (drawn by white), which causes the blue-shifted
anomaly in the PRV. The planetary spin orbit misalignment λp is defined as the projected angle between the spin axis and the orbital axis
on the celestial plane (Panel C). Panel D indicates relation of the angles, the obliquity ζ, the orbital inclination i, the spin inclination ip,
and λp. The uncertainty range of ip due to the degeneracy between sin ip and ωspinRp for a solid rotator is shown. Panel E: possible range
of obliquity ζ as a function of λp (Eq. [10]). Each shade corresponds to different orbital inclination i.
Since the observed absorption consists of ensemble of a
Doppler-shifted line from each position on planetary sur-
face, vr,rot(Θ) depends on the distribution of absorption
lines on the surface. We use the intensity distribution
instead of the distribution of absorption lines assuming
the uniform distribution of molecules. Ohta et al. (2005)
showed that the intensity-weighted velocity is in agree-
ment with the Doppler shift, v¯r,rot/c = ∆ν/ν on the as-
sumption that the frequency shift is much smaller than
the line frequency (Eq. [20] in their paper). Though
the precise value measured by real observation will de-
pends on details of methods and instruments, the aim
of the paper is to qualitatively understand the behav-
ior of vr,rot(Θ). Hence we regard the intensity-weighted
velocity,
v¯r,rot≡
1
Ψ(α)
∫
dΩW (φ, θ;α)Vr(φ, θ) ≡ 〈Vr〉, (4)
Ψ(α)≡
∫
dΩW (φ, θ;α) (5)
as the PRV of the spin, vr,rot(Θ), where the Ψ(α) is the
phase function (total intensity of emission), W (φ, θ;α)
is the intensity distribution normalized so that Ψ(0)
is unity, Vr(φ, θ) is the radial velocity of a facet on
surface measured on the planetary center system, and
dΩ = sin θdθ dφ (see Fig. 1A).
A naive expectation is thatW (φ, θ;α) has higher value
at the dayside hemisphere than that at the nightside
hemisphere (Fig 1 B and C). This is absolutely the case
for the scattered light. It is also likely to be the case
for thermal emission on the assumptions that the energy
injection is mainly attributed to incident light from the
host star.
In this paper, we regard a planet as a solid rotator and
no precession,
Vr(φ, θ; τ) = Krot(− sin τ sinφ sin θ + cos τ cos θ), (6)
where τ ≡ Θˆ + pi/2 − λp is the projected rotation angle
between the spin axis and the stellar direction on ce-
lestial plane and the projected orbital phase angle Θˆ is
expressed as
tan Θˆ = cos i tanΘ. (7)
The maximum radial velocity of the solid rotator Krot
represents the strength of the spin,
Krot ≡ 2piωspinRp sin ip, (8)
where ip is the spin inclination. Thus the degeneracy
between sin ip and ωspin is inevitable for a solid rotator.
The planetary obliquity ζ is expressed as,
cos ζ = cos i cos ip + sin i sin ip cosλp, (9)
where we introduce the planetary spin orbit misalign-
ment λp, defined by the projected angle between the spin
axis and the orbital axis on the celestial plane. Figure 1
D displays a schematic picture of these angles. Though
ip is difficult to know directly, if knowing λp from the
PRV time series analysis, one can constrain the obliq-
uity ζ for a given i. Figure 1 E shows the possible region
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Figure 2. Panel a: cos Θˆ as a function of Θ. Panels b and c:
F (Θ) (black) and phase function Ψ(Θ) (red) for the IRR and DR
models. Two vertical lines correspond to SC and IC.
of ζ for given λp,
sin−1 (sin i| sinλp|) ≤ ζ ≤ pi − i
for 0 ≤ λp < pi/2, 3pi/2 ≤ λp < 2pi,
i ≤ ζ ≤ pi − sin−1 (sin i| sinλp|) (10)
for pi/2 ≤ λp < 3pi/2.
If the intensity distribution is symmetric about the
stellar direction (W (φ, θ;α) = W (φ, pi/2 − θ;α)), the
antisymmetric cos θ term in equation (6) vanishes and
equation (4) reduces to
v¯r,rot = −KrotF (α) cos (Θˆ + λp), (11)
where
F (α) ≡
1
Ψ(α)
∫
dΩ sin θ sinφW (φ, θ;α). (12)
The φ-symmetric component of W (φ, θ;α) does not con-
tribute to vr,rot. In equation (11), one can interpret that
F (α) represents the inhomogeneous pattern of the plan-
etary surface. The cos (Θˆ + λp) term is due to apparent
change of dayside along orbit and does not depend on
the intensity distribution. As increasing i, the deviation
by this term from the cosine curve of the orbital motion
becomes stronger as shown in Figure 2 a.
3. ANALYTIC FORMULA OF THE SPIN EFFECT WITH
RADIATION MODELS
Considering two specific models of the intensity
distribution, the instant re-radiation (IRR) model
and the dayside re-distribution (DR) model (e.g.
Lo´pez-Morales & Seager 2007; Cowan & Agol 2011;
Smith et al. 2012), we derive an analytic expression of
the spin effect.
The IRR model assumes the input energy from a host
star is instantly and isotopically emitted from the plan-
etary surface. The isotropic reflection for the scattered
light or no redistribution of energy around surface for the
thermal emission satisfies this assumption. The intensity
distribution of the IRR model is expressed as,
WIRR(φ, θ) =


3
2pi
(eS · eR)(eR · eO)
for −pi/2 + α ≤ φ ≤ pi/2,
0 for elsewhere,
(13)
and the phase function
ΨIRR(α) =
1
pi
(sinα+ (pi − α) cosα), (14)
where eR = (cosφ sin θ, sinφ sin θ, cos θ). Using equation
(12), we obtain
FIRR(α)=
3pi sinα(cosα+ 1)
16[(pi − α) cosα+ sinα]
. (15)
The DR model assumes rapid energy redistribution on
the dayside.
WDR(φ, θ)=
{
1
pi
(eR · eO) for −pi/2 + α ≤ φ ≤ pi/2,
0 for elsewhere,
(16)
ΨDR(α)=cos
2
(α
2
)
, (17)
FDR(α)=
8
3pi
sin2
(α
2
)
. (18)
Figure 2b and c display F and Ψ for both models as
a function of Θ. Substituting FIRR(α) (FDR(α)) into
equation (11), we obtain the analytic expression of v¯r,rot.
Figure 3 (left) shows v¯r,rot for different λp and i. One
can see characteristic features of the PRV depending on
λp and i. By fitting this anomaly, we can estimate λp
and Krot as will be demonstrated in next section. The
difference of v¯r,rot between these models is not significant.
For the exact edge-on orbit, equation (11) reduces to
v¯r,rot = ±2piωspinRp cos ζF (α), (19)
where a positive sign is for pi/2 ≤ Θ ≤ 3pi/2 and nega-
tive for Θ ≤ pi/2 or Θ ≥ 3pi/2. Equation (19) indicates
that the phase information of the term cos (Θˆ + λp) dis-
appears except for its sign in the edge on limit. However
one can know whether the spin is prograde or retrograde
against the orbit.
While we have considered the line shift so far, the spin
rotation also induces the line broadening. We simply
estimate the doppler broadening by considering the vari-
ance,
σ2L ≡ 〈V
2
r 〉 − 〈Vr〉
2, (20)
where the definition of 〈〉 is same as that in equation (4).
The right panels in Figure 3 show σL for i = 45
◦, 85◦
and 0◦. Typical broadening width is ∼ 0.4Krot. The
Θ-dependence is smaller than that of the line shift. The
dependence of the emission models on σL is not signif-
icant. If using extremely high dispersion spectroscopy
(for instance, R = 300, 000 for Krot = 10 km/s), one
may derive this characteristic feature of the broadening
variation.
4. DEMONSTRATION
We demonstrate the spin effect by mocking the PRV
time series. Figure 4 shows the mock PRV curves with
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Figure 3. Left panels show the PRV anomaly by planetary spin as a function of Θ in an inclined orbit (i = 45◦; top) and a typical
transiting system (i = 85◦; middle), and a face-on orbit (i = 0◦; bottom). Each color corresponds to different λp. Solid lines assumes the
IRR model, while dotted lines indicate the DR model. Right: line broadening due to a solid rotation for different inclination (same as the
right panel). Standard deviation normalized by Krot is shown by solid (dashed) lines for the IRR (DR) model.
the IRR model and its fitting curves. We set σ = 3
km/s precision, roughly corresponding to the accuracy
obtained when lines are barely detected and resolved
with R ∼ 100, 000, though it can be improved by increas-
ing sensitivity and the number of lines. The top panels in
Figure 4 assumes a non-transiting system with i = 45◦,
Kp = 100 km/s, Krot = 10 km/s, and λp = 45
◦ (left;
case A) or 0◦ (right; case B). We take 100 data points
and avoid the ±30◦ range around the inferior conjunc-
tion (IC) since the planetary signal in this range declines
below 7 % (20 %) of the maximum value at Θ = 90◦ for
the IRR (DR) model (see Figure 2bc red lines). We use a
Gaussian prior for the stellar mass with typical 5 % un-
certainty and simultaneously fit the stellar mass, i, λp,
and Krot using a Markov chain Monte Carlo (MCMC)
algorithm. The estimated inclination is well constrained
i = 45 ± 3◦ since it is almost determined by the whole
amplitude. The spin effect can be detected above 3 σ for
these cases; Krot = 10± 2 km/s with λp = 40
+14
−10
◦ (case
A) and Krot = 8± 3 km/s with λp = 3± 7
◦ (case B).
Though we have assumed an exact circular orbit so
far, uncertainty of small eccentricity, e can be a possible
source of systematics. For e ≪ 1, one can express the
velocity modulation due to e as,
vr,orb ≈ Kp[cosΘ + e cos (2Θ− ω)], (21)
where ω is the argument of periastron. The modulation
has the amplitude of eKp and double frequency. We per-
form the MCMC leaving e and ω as fitting parameters
with equations (11) and (21). Assuming a typical con-
straint of e < 0.02, we obtain slightly worse constraints,
Krot = 8
+5
−3 km/s and λp = 45
+40
−20
◦ for the case A.
For the case B, the eccentricity uncertainty makes the
spin effect to be unconstrained (1 σ detection level of
Krot) due to the correlation between e and Krot. Thus
e < 0.02 is marginal to detect the spin effect since the
uncertainty of the modulation is comparable to the am-
plitude of the spin velocity, that is, Kp∆e ∼ Krot. If
assuming e < 0.002, which satisfies ∆e ≪ Krot/Kp, we
obtain Krot = 9
+3
−3 km/s and 2
+6
−8
◦ even for the case B.
As shown in the top left panel, vr,rot for the case B is
resemble to the eccentricity modulation (Eq. [21]) in its
curve. Therefore the case B is more sensitive to the e un-
certainty than the case A. A more stringent constraint
of e than Krot/Kp is important to detect the spin effect.
For the time being, a realistic target of the PRV mea-
surement will be confined to hot Jupiters. We also con-
sider the application of the precise PRV measurement to
hot Jupiters. Orbital period of hot Jupiters is generally
short (P ∼ a few days, typically). In a synchronous orbit,
the rotation period equals to the orbital period. Contri-
bution of the orbital motion to vr,rot is 2piRp/P = 1− 3
km/s for typical hot jupiters and reaches 2piRp/P = 9
km/s for the extreme case, WASP 19b (P = 1.2 day
and Rp = 1.39RJ ; Hellier et al. 2011). We create the
mock PRV of a tidally locked transiting planet with pa-
rameters of WASP 19b (Krot = 228 km/s and i = 79
◦).
Since i is known for the transiting planet, we assume 5
% uncertainty of the stellar mass again. We fit the PRV
curve avoiding the range ±45◦ around transit, in which
the planetary signal declines below 5 % (IRR) and 15 %
(DR) of the maximum. We also take the eccentricity un-
certainty into consideration by adopting e = 0.046 and
ω = 0◦ for input. Since current uncertainty of WASP
19 b is e = 0.00460.0044
−0.0028 and ω = 3 ± 70
◦ (Hellier et al.
2011), we assume a Gaussian prior with σe = 0.004 and
σω = 70
◦. We obtain a marginal detection of the spin,
Krot = 11
+6
−5 km/s and λp = 4
+28
−30
◦ . The fitting with
more stringent constraints σe = 0.001 and σω = 20
◦ pro-
vides Krot = 13± 3 km/s and λp = 11
+20
−22
◦. The bottom
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Figure 4. Mock data of the PRV and residuals with 3 km/s accuracy. Top panels: mock PRV curves for oblique (left; λp = 45◦) and
aligned (right; λp = 0◦) planets for a non-transiting system (i = 45◦). Black and red curves in the upper subpanels are the model fit
and cosine fit of the data. The bottom subpanels display the residual of the model fitting (black) and the cosine fitting (red). Solid
curves indicate the model fitting minus the cosine fitting, that is, the anomaly from the cosine curve. Bottom panels: simulated data for
a transiting system mocking the WASP 19 b-like system (i = 79◦). Bottom left is a tidally locked case (the planet’s rotation is directly
driven by the orbital motion). Bottom right: an aligned planet but having the rapid retrograde spin (λp = 180◦) with Krot = 15 km/s.
left panel shows the mock PRV and its fitting results for
the latter.
Most hot Jupiters are likely to be in a synchronous
orbit with ζ = 0 (therefore λp = 0) due to tidal force.
However, this expectation has never been proved obser-
vationally. In particular, the assumption of the tidal lock
is not obvious for a planet in a highly eccentric orbit such
as HD 80606 b (e = 0.93; Fossey et al. 2009). Finally we
consider an extreme planet with a rapid retrograde spin
ζ = 180◦ and Krot = 15 km/s. We note that retrograde
here means the retrograde rotation of the planetary spin
( not the stellar spin ) against the orbital revolution, like
Venus. Performing the same fitting process as the tidally
locked case (with ∆e = 0.004 and ∆ω = 70◦), we obtain
Krot = 17±3 km/s and λp = 181±17
◦ with a character-
istic feature of the residual as shown in the bottom right
panel.
In this section, we excluded the light curve around the
IC where the signal is weaker as is clear from Ψ(Θ) in
Figure 2. As shown in the bottom subpanels of Figure 4,
most characteristic features appear around the IC though
it depends on i (see also Figure 3). This is one of main
difficulties to detect the spin effect practically. Though
current detection of the PRV is far away from the IC
(0.5 < Θ < 2.5 for Brogi et al. 2012), future detection
in the outer range is of importance to detect the spin
effect.
5. DISCUSSION AND CONCLUSIONS
In this paper, we have estimated the observable shift
of the planetary absorption by substituting the inten-
sity weighted radial velocity (Eq. [4]). It is known
that the cross-correlation method used in the RM ef-
fect has a few - 50% systematics of the amplitude of the
velocity anomaly when using the intensity weight (e.g.
Winn et al. 2005; Triaud et al. 2009; Hirano et al. 2010).
Moreover, even two cross-correlationmethods used in dif-
ferent instruments make . 30 % difference in the am-
plitude of the RM effect (T. Hirano in private commu-
nication). Hence more sophisticated modeling adapted
to the details of measurement will be needed to ob-
tain precise estimates practically. Hirano et al. (2010)
found that the radial velocity anomaly obtained by the
cross-correlation method is larger than that predicted
by the intensity weight method and that the bias tends
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to be larger as increasing the spin velocity. It makes
detection of the spin effect easier. Detailed structures
of planetary surface such as uneven molecular distribu-
tion (e.g. Burrows et al. 2010) or winds may affect the
PRV in principle. The PRV in transmission spectra
(Snellen et al. 2010) might help to resolve a degeneracy
between winds and spin (see also Spiegel et al. 2007). We
postpone these problems until a next paper.
In conclusion, we have shown how the planet’s rotation
affects the PRV in the dayside spectra of exoplanets. We
found that the spin effect of the solid rotation on the
PRV is characterized by the projected angle between the
orbital axis and the spin axis, λp. We also showed that
the precise measurement of the PRV enable us to con-
strain the planetary obliquity via λp and the spin period
via Krot.
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